Management issues in many sectors of society demand integrated analysis that can be supported by integrated modelling. Since all-inclusive modelling software is difficult to achieve, and possibly even undesirable, integrated modelling requires the linkage of individual models or model components that address specific domains. Emerging from the water sector, the OpenMI has been developed with the purpose of being the glue that can link together model components from various origins. The OpenMI provides a standardized interface to define, describe and transfer data on a time basis between software components that run simultaneously, thus supporting systems where feedback between the modelled processes is necessary in order to achieve physically sound results. The OpenMI allows the linking of models with different spatial and temporal representations: for example, linking river models and groundwater models, where the river model typically uses a one-dimensional grid and a short timestep and the groundwater model uses a two-or three-dimensional grid and a longer timestep. The OpenMI is designed to accommodate the easy migration of existing modelling systems, since their re-implementation may not be economically feasible due to the large investments that have been put into the development and testing of these systems.
INTRODUCTION
Managing environmental processes independently does not always produce sensible decisions when the wider view is taken. Therefore, it becomes important to be able to model not only the individual catchment processes -such as groundwater, river flow and irrigation -but also their interactions.
Consequently, many existing hydrological decision support systems use combined hydrological models as the main building blocks. One of the earliest of these systems was SHE, the European Hydrologic Model System (Abbott et al. 1986) , which supports integrated modelling of surface water, unsaturated flow and groundwater flow. Since then, numerous other similar systems have been developed, where each system supports a fixed combination of specific hydrological and hydraulic models. In many cases, these systems are fulfilling the needs for integrated modelling.
However, in some cases, the limited number of available combinations supported by the individual systems forces the modellers to make undesirable compromises with respect to creating an accurate representation of the physical phenomenon that is being modelled. Naturally, any system can be adapted to specific needs. Depending on when the model provider has access to a large suite of models, the number of possible useful combinations between these models means that in many cases a combination requested for a particular project is not available as an off-the-shelf product and it may not be economically feasible to create such a system for a single user or project. Essentially, the OpenMI standard is a software component interface definition for the computational core (the engine) of the hydrological and hydraulic models. Model components that comply with this standard can, without any programming, be configured to exchange data during computation (at run-time) . This means that combined systems can be created and can be based on OpenMIcompliant models from different providers, thus enabling the modeller to use those models that are best suited to a particular project. The standard supports two-way links where the involved models mutually depend on calculational results from each other. Linked models may run asynchronously with respect to timesteps and data represented on different geometries (grids) can be exchanged seamlessly.
The usefulness of the OpenMI standard relies on the availability of compliant models. In other words, when the number of relevant compliant models has reached a critical level, it becomes attractive both to deliver new compliant models and to create linked systems based on OpenMIcompliant models. Consequently, one of the main requirements for the OpenMI architecture was that it should be cost-effective to migrate models and that the architecture should, at the same time, give freedom to model providers to make their own optimal software designs. Most OpenMIcompliant models will, for many years, be based on existing models that are being migrated. Such models typically consist of thousands of lines of Fortran, C or Pascal code and re-programming is too expensive. Those models should be able to run both in their normal environment and under the OpenMI environment, without having to maintain two different versions and without having to complicate the calculation core with a great deal of OpenMI-specific code.
The selected approach to fulfil all these requirements was to make a lean standard that is essentially an interface definition, allowing developers to make their own design choices. In order to separate the OpenMI-specific code from the calculation code, a wrapper design pattern was developed and a number of generic support libraries that can speed up the migration process were developed.
The ambition for OpenMI is that the standard should be accepted and used by a wide range of model developers and model users and possibly become a new world standard for model linking. Much effort was put into making comprehensive documentation and guidelines Moore et al. 2005; Tindall et al. 2005) and the standard and all tools and libraries were made available as open source (SourceFORGE 2005) . Undoubtedly, there will be requests for improvement of the OpenMI standard when the larger community starts using it. In order to meet such requirements an OpenMI association is currently being established. This association will be open for everyone to join and will be responsible for the maintenance and further development of the standard.
In order to demonstrate the capabilities of the OpenMI a complex system of integrated catchment modelling is shown in Figure 1 . Meteorological data from a number of measurement stations are handled by a database system. This system will provide precipitation and evaporation data to rainfall -runoff models. The rivers are modelled by a simple conceptual river model that will obtain inflow data from the rainfall -runoff models. For a particular river reach, a more detailed representation of the river flow is required. This river reach is modelled by a physically based hydrodynamic river model. The river model will obtain inflow data for its upper boundary from the conceptual river model and will provide inflow data for the conceptual river models that connect to the downstream boundary of the hydrodynamic river model. Interaction between groundwater and surface water is considered important at the location of the hydrodynamic model. The underlying aquifer is modelled by a 2D distributed groundwater model. This groundwater model will receive leakage from the river model. The river model will calculate this leakage based on information about the groundwater level, which is obtained from the groundwater model.
A model user who has access to appropriate OpenMIcompliant models can establish such a system. The procedure the user needs to follow in order to establish the system is as follows:
1. The user populates each of the models with the required data through the preparatory user interfaces of each individual model. The prepared input data for these models is saved to disk. Most OpenMI models will, when input files are saved, also create a small OpenMI standardized XML file (the OMI file), which contains information about the filename for the OpenMI-compliant model component (the LinkableComponent) and the filenames for input files. 
EXISTING MODEL SYSTEMS

THE OPENMI
The OpenMI is based on the 'request & reply' mechanism.
The OpenMI is a pull-based pipe-and-filter architecture, which consists of communicating components (source components and target components) that exchange memory-based data in a predefined way and in a predefined format. The OpenMI defines the component interfaces, as 
Quantity (what)
The Quantity 
EXAMPLE
Let us look at a very simple example. A conceptual lumped rainfall -runoff (RR) model provides inflow to a river model.
The populated link class is shown in Figure 6 . Note that this link is 'ID-based' because the ElementSets are not populated with any information about the spatial representation of the models. Consequently, no spatial operations will be performed when data is exchanged.
The sequence diagram in Figure 7 shows the calling sequence for a configuration with a river model linked to a rainfall -runoff model. The functionality shown in Figure 7 will typically be implemented in an OpenMI user interface like the one shown in Figures 2 and 3 .
The sequence diagram has the following steps:
1. The River Model object and the RR Model object are instantiated. The Initialize method is then invoked for both objects. Models will typically read their private input files when the Initialize methods is invoked.
Information about name and location of the input files can be passed as arguments in the Initialize method. For the example shown in Figure 8 , the mapping matrix will look as shown below:
When the groundwater model invokes the GetValues method in the river model, the river model can make the spatial transformation of its internal calculated leakages using the following multiplication:
where I is a vector with four components describing the leakage contribution to each grid cell in the groundwater model and L is a vector with three components, each value being the calculated leakage in a river branch.
It is important to note that element mapping as described above has nothing to do with the OpenMI standard. Anyone can implement the transformations as 
BI-DIRECTIONAL LINKS
The 
Since the groundwater model is busy, it cannot invoke
GetValues in the river model, which means that it cannot perform timesteps. Consequently, the returned groundwater levels must be calculated by means of extrapolation, based on previous calculated values.
7. The river model changes its busy status to False, performs a timestep and increments the internal time.
8. Steps 4 -7 are repeated until the internal time of the river model has exceeded the time period for which values were requested (tG þ dtG).
9. Leakages are returned.
The groundwater model changes its busy status to
False, performs a timestep and increments its internal time. In some cases bi-directional linked systems may be subject to numerical instabilities, numerical errors or mass balance errors. The results from the simulation may also change depending on the component to which the trigger is linked. Consequently, configuring bi-directional linked 
MODEL MIGRATION
The OpenMI standard is basically a collection of interface definitions. In order to make real model engines run and exchange data these interfaces must be implemented using a programming language. Within the HarmonIT project these interfaces were defined in C# (.Net). A default implementation of each interface was also developed in a package With this in mind we had, from the very beginning of the development of the OpenMI standard, three important requirements: (1) it must be easy to migrate existing models (the time for migrating a model should be less than two working months for even the most complicated models), (2) the same model engine must be able to run both in its normal environment and in the OpenMI environment and (3) the amount of OpenMI-specific implementations in the engine core should be as small as possible.
In order to meet these requirements an OpenMI Figure 10 . Model migration will typically follow the steps described below:
1. The engine core must be turned into a component, so that it can be accessed from outside. If the engine is programmed in Fortran, for example, and is compiled into an executable file (EXE), this engine could be changed so that it can be compiled into a DLL, which can be accessed from outside through the Win32 API (MyEngineDll in Figure 10 ).
2. The engine must be changed so that initialization, These identifiers can be recognized by the engine because to use OpenMI, and we hope that this means that the number of available OpenMI-compliant models will keep growing.
It is important for the survival of OpenMI that it is being supported and continuously developed to meet new demands. The challenge is to ensure a balance between keeping the standard static in order not to burden people with demands for upgrading their components, yet still develop and react to change requests. This will be the responsibility of the OpenMI association that is currently being established. The OpenMI association will be an open forum and we hope that people around the world will join and contribute to the future of OpenMI.
OpenMI was developed with the aim of enabling the dynamic linking of hydraulic and hydrological models.
However, it turned out that OpenMI can do much more than that. The OpenMI can be used for any component that can accept or provide data, which means that databases, flat data files or even on-line data can be turned into LinkableComponents and become an inte- 
